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BBSTRACT

This study had two major objectives. The first was to conduct in-situ
studies of major carbon, nitrogen, phosphorus and sediment rate processes
such as sedimentation, resuspension, benthic fluxes of nutrients and
organic matter and water column metabolism. The second objective was to
develop budgets of nitrogen, phosphorus and carbon in 3 distinctive areas °
of the estuary, including the area potentially influenced by power plant

operations. .

To meet these cbjectives, stations were located in the near-field at
the terminus of the discharge canal and in the far-field near Buena Vista,
approximately 6 km downstream. Because there arée strong longitudinal
gradients in water quality variables, two additional stations were e
selected, one above the power plant at Jones Point -and one downstream of
the plant at Marsh Point. The two stations in the vicinity of the plant
were in the high turbidity, low salinity zone while the upstream and
downstream stations were in the tidal-fresh and moderately stratified:
mesohaline zones, respectively. Thus, the distribution of sampling
stations reflected 3 distinctive regions of the estuary and included a ¢
site in the immediate vicinity of the power plant.

At these primary locations, estimates were made of water column
metabolism, benthic respiration, benthic nutrient fluxes, water quality
characteristics of the sediments and overlying waters, light extinction
and sedimentation and resuspension rates of particulate materials. On a e
quarterly basis, water quality surveys were conducted along the mainstem
of the estuary with 10 stations arranged fram the mouth to river kilcmeter
72. Four, 13-hour tidal surveys were also conducted at 3 different
stations to estimate tidally-induced variability in water quality
variables collected during synoptic longitudinal surveys. Finally, 4
water quality surveys were conducted in the intake-discharge canals at the e
power plant and were designed to allow estimates to be made of net gains
and losses of carbon, nitrogen and phosphorus related to power piant
operation. These measurements were made in 1980-1981.

This report contains major sections which deal with nutrient
processes, organic matter dynamics, section, sediment/water budgets for L
nitrogen, phosphorus and carbon, and an evaluation of power plant induced
perturbations. A methodology chapter, covering all topics, precedes the .
major sections. )
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INTRCCUCTICM

Estuaries are characterized by relatively high rates of primery end
secondary production vhen campa}ed to many coastal and oceanic systems. We |
have recently completed a review of 63 estuarine systems spanning & spectrum
from highly stratified to vertically-mixed and from river-daminanted to
lagoonal and found numerous ekamp!es in each categorwahere average annuaj
rates excéeded 0.5¢gC m'é d-1 and maximal rates often approaéhed or exceeded
4g¢( m-2 d¢-1 {Boynton, et al. 1982). There are numerous mechanisms that have
been proposed as being more or less responsible for sustaining these high
rates. Among them are the notions that (1) estuaries recéive large amounts of
essential nutrients from riverine inputs, (2) the twc-Tayered circulation
prevailing in éome estuaries{tends'to conserve nutrients which are essential
in sustaining high productivity rates, (3) 3n-we11ing from deeper and
nutrient-rich coastal waters constitutes a significant nutrient scurce,

(4) marshes and other wetlands associated with some estuarine systems e*port‘
nutrients which can be uti1ized‘by phytoplankton, and (5} most estuaries are
relatively shallow and, because of this, zones of production and
remineralization (both water column and: benthic) are clesely coupled in space

(Mixon, 1981).

khile a canprehénsive synthesis on estuarine primary productﬁoﬁ-nutrient
patterns and étfategies_is still lacking, quantitative data on major pathways
continues to be collected. As Mixon (197%) has pointed out, our perspective
on the importance of various components in the production-nutrient cycling

scheme has changed considerably over the last few years. Cne of these changes

-




has been the doéumentation of benthic remineralization as an. important source
of:recycled'nutrients available for phytoplankton photosynthesis (Cavies 1075 ;
Rowe et al., 1977; Boynton et al., 1980Ca). This is in coﬁlrast to the'
prevalent view that water-column processes dominate estuarine .remineralizaton
(e.g. McCarthy et al. 1974; Carpenter and McCarthy 1978). It is of course
tempting to argue the extremes of each case,_but intuitively it seems more

reasonable to assume that the relative importance of these remineralization

sites changes on a continuum from vater-column deminated to benthic dominated.

Whatever the actual mixture of mechanisms responsible for nutrient
cycling, thé coupling of nutrients to primary production is of central ' |
importance in most aquatic ecosystems tecause of igs role in supporting many,
if not most, food webs. Strickland (1961) emphasized this by saying that
disinterest in algal production would "not be unlike the situation which would
prevail if livestock raisers Tacked knowledge of, or interest in, pasture

conditions."

Patuxent River Studies

One of the most extensively studied estuaries on the east coast of the
United States is that of the Patuxent River, a tributary of Chesapeake Bay.
Measurements of water column nutrient concentrations, which weré initiated
prior to the 1940's (e.g. Mewcomb and Brust 1940; Mash 1947), have continued
1nta'thg 1980's (e.g. Cory and Rauman 1S67; F]gmér et al. 170, Sage, bers.
comm.). A few estimates of nutrient fluxes have been made for watershed

inputs fram point (FWPCA 1268) and diffuse (Correll 1977) sources and for

exchangeg.with brackish marshes (Heinle 1576), while net biochemical fluxes




have been estimated as the residual term in a cne-dimensicnal model of
Tongitudinal mass-transport along the estuary (Ulancwicz and Flemer 1977).

For the pést several years, ve have been conducting nutrient studies in the

' patuxent estuary both at the scale of the entire watershed for purposes of

constructing nutrient budgets (Kemp and Boynton 127¢) and at a distinctive
location in the estuary (turbidity maximum zone) to investigate nutrient

cycling between the water column and the benthos and possible interactions of

" a steam electric generatﬁon station with these processes. PResults of this

work (Boynton et al. 1980a) indicated that benthic respiration rates ranged
from 0.5 to 4.1 g 02 m-2 d-1 and were positively correlated with temperature
and primary production. Met fluxes of amronium (PHE) and dissolved inorganic
pﬁosphorus (C1P) ranéed from -105 to 1584 ug-at M m-2 h-l and 1 to 295 pg-at P
m-2 h-1, respectively. These rates, which vere positively correlated with
temperéture, are among the highest yet repor&ed in the literature. Fluxes of
nitrate plus nitrite were srall during summer when the water column
concentrations were low, but high and directed into the sediments during
winter when water column concentrations were high. In general, it appears
that nutrient fluxes across the sediment-water interface represent an
important sourcé to the water column when phctosyntpetic demand is high and
water colum stocks-are low and, conversely, serve as 2 sink in winter when
demand is Tow and water column stocks high, therehy serving a "buffering"
function between supply anq:demand. A simple budget of sediment-water
exchanges and storages of nitrogeﬁ indicated that, of the total particulate
nitrogen deposited annually onto fhe sediments, about 34% was returned to the

water column as NHH, 419 was stored as particulate nitrcgen ih the sediments
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and, by difference, we estimated that the Femaining 249 was denitrified. \le
also observed considerable uptake of nitrate by the sediments during winter
months (1.1 g-at m-2 y-1), suggesting an additional source of annual
denltr1f1cat1on, since this nitrate uptake was nct accompan1ed by ammonium

release back to the water column.

1

Possible power plant effects were ﬁummarized in Boynton et al. (1%80b).
In brief, some significant differences were c¢bserved in planktcen metebolism
and benthic nutrient fluxes which appeared tec be lower and higher,
respectively, at the power plant site. Hdﬁever,‘it vas uncertain if observed
di fferences were due to power plant operations cr-a normal feature of the
estuary inﬁthis zone of strong longitudina1 gradients. To resclve this point,
metabol1sm-nutr1ent flux studies were ccnt1nued through 1975-80 at the ‘
original. stations and at stations upstream and dcwnstream of the pewer plant.
!

A

Steam Electric Station Operaticns

-

The Chalk Point steém electric station (SES) is located in the estuarine
portion of the Patuxent River about 37 km upstream of the river mouth. Chalk
Point SES currently has three units. Units one and two, which began operation
in 1964 and 1965 respectively, are rated at 355 Nle each. Unit three, which
began operations in 1875, is rated at 6€0 File. A fourth unit, similar to unit
three, is currently under construction. Twe methods of condenser ceoling are
eﬁplqyed at Chalk Point. Intake water for Units cne and two enters the plant
from an embayment on the south side of the plant at Swanson Creek. A

n1ne-fcot deep intake channel leads fram the river channel to the ertaynent.

Each unit extracts a maximum of S46 m3 min~! of river water from the embayment




for heat exchange. An additicnal 94é m3 m%n-1 are removed from the ertayment
during summer menths and added directly to the head of the d1scharge canal to
provide tenperature reduction of discharge water in ccmp]1ance with Maryland
water quality regulations (Mihursky and Boynton, 1978). The discharge canal
enters the Patuxent upstream of the plant at Eagle Herbor, and is about 1900 m
in length. Unit three (as will unit four) employs a semi-closed hyperbolic
cooling tower syétem for cooling ccndenserrwater. This cocling precess
removes up to 20 m3 min-l of water from the discharge canal to replace
evaporation losses within the tower. Actual withdrawal rates of cooling water
from the embayment vary with waten temperature, salinity, and relative

hunidity.

Cperations of SES sdeh as.Cha1k Point can influence cormunity metabolism
and nutrint cycling via several mechandsms. Entrainment of dissclved and
particulate materials thrcugh ccoling systemi can produce increases in rates
of mineralization due to mechan1ca1 thermal and biocide effects. Similariy,
danage to phytoplankton can result in decreased photdsynthetlc rates. An
increase in the rate of deposition of material coming from discharge waters

can loca}1y'increase rates of benthic metabolism and nutrient
remineralizatfon;_ '

In th1s study these potent1a1 lnpacts vere eva]uated in the fo!low1ng
component programs. In each progran samp11ng stat1ons vere d1str1buted SO as
to document processes at the plant site and at’ locatlons upstrean and

downstream to separate power p]ant effects frcm those associated with nerral

Tongitudinal estuarine gradients.
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~ Power Plant Process Potential Impact Evaluation Technique %
I. Entrainment/ (a) Change in. phctesynthetic Water Column photesynthesis
Biocides capacity : |
(b) Change in respiration/ Hater column and benthic
production character- metabolisn
istics
(c) Shifts in nutrient liater quality meascrerents
_ speciation -
I1I. Thermal loading (d) Change in metabolic as in (a) and (b)
Biocides rates :
(e) Change in sediment re- Benthic flux
rineralization rates measurerents
III. Deposition (f) Change in benthic as in (b)
: respiration
(g) Change in benthic as in (e)
remineralizaticn
(h) Change in light Light measurements
characteristics
(1) Changes in depesiticn/ - Sediment traps

resuspensicn rates

Cescription of Study

This study had two major objectives. Tge first was to conduct in-situ
studies of major carbon, nitrager, phosphcrus and sediment rate processes such
as sedimentation; resuspensfdp, benthic fluxes of nutrients and organic matter
and water column metabo]iém. Thé second objective was to develop budgets of
nitrogen, phosphorus and carbon in 3 distinctive areas of the estuany,

including the aréa pctentially influenced by power plant cperations.

To meet these objectives, stations were located in the near-field at the
terminus of the discharge 6anai (Potﬂé Poiht) and in the far-field near Buene
Vista, approximate]; 6 km downstream of Potts Point (Fig. 1). gecause there
are.strong loﬁgituaina1 gradiénts in wgter'qualitylvariabies (gee, for

| examp]e;'Mihursky and Boynton, 1978), and perhaps other factors as well in

this zone.of the estuary, two additional stations vere selected, cne above the




power plant at Jones Point and one downstream of the plant at Farsh Point.
The two stations in the vicinity of the piant were in the high turbidity, low
sa11n1ty zone vhile the upstream and downstream stations were in the
tidal-fresh and moderate]y.strat1f1ed mesohal1ne zones, respectively. Thus,
the distribution of sanpling’stations reflected 3 distinctive regicns of the

estuary and included a site in the immediate vicinity of the power plant.

At these primar&ﬁ]ocations, estimates were made of water column
metabolism, benthic respiration; benthic nutrient fluxes, ‘water quality
characteristics of the sedimenfs and overlying waters, l1ight extinction and
sedimentation and resuspensicn rates of particulate materials (Table 1). Cn a
quarterly basis, water quality surveys were conducted along the mainstem of
the estuary with 10 stations arranged from the mouth to river kilcmeter 72.
Four, 13-hour tidal surveys were a]so conducted at 3 different stations to
estimate t1da11y-1nduced var1ab111ty in hater qua11ty var1ab1es collected
dur1ng synoptic Tongi tudinal surveys. F1na]1y, 4 water qua11ty SUrveys were
conducted in the 1ntoke-dischhrge canals at the power plant and were designed
to allow estimates to belmade of net gains ano losses of carbon, nitrogen and
phospherus related to powerrp1ant operotiont These measurements were made in

198071981.(Table 1).

Th1s report contalns maJor sectlons wh1ch dea] with nutr1ent processes,
organ1c matter dynam1cs, seston sediment/water budgets for n:trogen,

phosphorus and carbon, and an evaluat1on of power plant induced perturbat1ons.

A methodo]ogy chapter, cover1ng a11 topwcs, precedes the major secticns.
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Waysaons Corner _ B

Bristal Landing ;

Lyons Cr

Jones Pt

Lower Mariboro
Patuxent River

Potts Pt
Chaik Point SES

Swansons Cr
Buena, Vista

Olorigimdlnal watser quality surveys
© metabolism and
benthic rate measurements

A tidal water quality surveys
& sediment trap locations

~

Figure 1. Location of sampling stations and description of measurements
made in the Patuxent River estuary, July 1979 - May 1980.

-,




@
Table*l. Measurement frequency_ of major sl:udyr elements during 1979-1980
' @
1979 - . 1980
" Study Element J A S O N D J F M A M 3 3 ®
* Benthic Fluxes X . X X D < X X
. | : ‘ o
Plankton Metabolism X X X X . X
"\ Longitudinal Surveys X. "X X X
* Tidal Surveys I X . X X . e
. Sediment Trap o :
Deployments . X X X X X X¥ X X X x
* Discharge Canal Surveys® : x B - X x <
;’1
1 Conducted in 1980 and 1981 . - o
| —_ * C
“
P
4
. e
L
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METHGDS

Chemical Analyses

* The chemical factors monitoreﬁ during field studies and routine
analytical methods (including percent recovery, day-tofday standard
replication and instrumentation) are summarized in Tables 2 and 3,
respectively. Dissolved nutrient fractions were determined from water samples
filtered through 1.2 um filter pads (Whatman GF/C), frozen immediately and
stored for analysis. Analyses took p]ate within 4 weeks of the collection

date.

-

Estimates of particu1é;e nifrogen (PH) and carbon (PC) concentrations in'
the water column were obtained by filtering known quantities of water through
prgcombus}ed (5500C for 1 hr) GF/C filter pads, which were then dessicated at
409C for 48 hrs and frozen. Immediate]y-pr?or to analysis, samples were
thawed and dessicated for a second time for 24 hrs at 40°C and then analyzed
using a Perkin-Elmer 240B elemental analyzer. Water column particulate
phosphorus was determined as the difference between total phosphorus in an

unfiltered water sample, and total dissolved,phosphorus.

" Sediment particulate éarbon and nitrogen concentrations were estimated by
combustion {at 90C0C) of d known weight of dry sediment. Estimates of
sediment particulate phosﬁhorus coricentrations were obtained by persulfate

digestién of a known weight of dry sediment.

s

Chlorophyll a was determined by fluorometry, following extraction with a

90% acetone solution.
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Table 2. Nutrient and particuldte parameters monitored by the various field studies
at Chalk Point 5. E. S. July 1979 - July 1980.
}

Nutrients "Benthic Longitudinal Tidal Interstitial Surface

and Nutrient: - Profiles Profiles water Sediment
Particulate flux :
NOp _ X , X X x
NO3+N0yAsN X X X X

+ ,
PGA X X X X

1 -
DON—/ X X X X
pop2/ X X X X
PC Toox X x X
PN _ | X X X X

3/ ' . .

PP : X . X X X
iy ' X X X X
Active/Total ) \ |

chlorophyll a X X , X

1/ Dissolved organic nitrogen determined as the difference of TDN minus the
summed inorganic N. '

2/ Dissolved organic phosphorous determined as the difference of TDP minus POI

3/ Particulate phosphorus determined as the difference of total phosphorus in an
unfiltered sample minus TDP after filtration.

-




Summary of nutrient analysis methods, giving percent recovery, standard

Table 3.
replication and instrumentation used.
|
I
Analysis Specification
_ Std. Replication . 4/
Nut.rient Recovery, % Day to Day Z Instrumentation Reference
NOZ-J 100 - +5 Auto Analyster II Technicon Industrial
| - Systems (1972)
NO,+NO3 as N 94 " " Cw " "
NH3-N 92 "o ) " " Technicon Industrial |
‘ Systems (1978) ‘
1/ '
DON~ 100 w " " D'Elia et al. (1977)
DIP 98 - " " " Technicon Industrial
‘ ' Systems (1973)
pop2/ - \.. "
= 96 Glibert, P. M. et al.
‘ (unpublished)
TP 96 " | ” . " ” ”
DocC Infrared Menzel and Vaccaro
Analyzer (1964)
Active/total 90 1?021 Fluosometer Holm-Hansen, et al.
(1965)
PC | Elemental Hobson, L. A. and
, Analyzer D. W. Menzel (1969)
PN L " [}
\ - .
TP (sediment) 97-102 5 Spectrophoto— Anderson, J. M.
f meter (1976)
\‘ : B
l/Dissolved organic nitrogen determined as total dissolved nitrogen (TDN)} after filtration
and reported as the difference of summed inorganic N and TDN.

ifnissolved organic phosphorus determined as TDP after.filtration and reported as the
difference of DIP and TDP.

3/For chlorophyll a only.

ﬁ/Complete citations. given in Osborne et al. (1979).
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Suspended load (seston) was estimated by filtering a known volume of raw
water through pre-weighed GF/C filter pads, drying to a constant weight, and
weighing; "Concentrations were then Qetennined by difference and adjusted for

the volume filtered. .

—

Sediment Oxygen Demand

~

In-situ measurements of sedimenc oxygen demand were made using 3-4 opaque
Plexiglas chambers {6 mm gauge), cylindrical in shape with a circular area of
.3 me., & heiéht of 18 em (12 cm above the sedimeet surface) and an enclosed
volume of 38 2. The basic design is depicted in Figure 2, illustrating
several pertinent details. Operational characteristics of the chamgers has
been reported 5; Boynton et al. (1981). The chambers were mounted on a sgquare
flange (87 cm wide) which provided a base to rest on the sediment surface, and
which a]]owed 6 cm of the chamber's edge to}penetrate the sediments, insuring
proper seal. A dissolved oxygen (DO) and temperature probe (YSI 5736) was
mounted in the top of each chamber. A submersible pump (Teal 1P681) regulated
by a rheostat. (Powerstat 3PN116§).with a diffuser outlet provided a reasonably
uniform clockwise circulation under the chambers. Probes and‘pumps vere
‘connected to shipboard via cables. The'pumping/ciccu1ation system was
calibrated in the 1aboratory with the chambers inverted. Dye injection
experiments d]lowed a v1sua1 check on the un1fonn1ty of fTow, hhl]e direct
current measurements u51ng an electromagnet1c induction meter (Marsh-¥cBirney
Model 201) enabled us to calculate mean ve]cc1ty at a g1ven rheostat setting.

; The circulation pattern was character1zeq by. a near-laminar flow regime except

in the mixing zone 5-8 cm out from the diffuser outlet and at the chamber's




Fig. 2. Schematic diagran of axpsrimantal chazher design used lfoce
in-situ maasurssancs of fluxes across che sedineat/uater

Incerface

.} 3. Shisid for Oz Probe |
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£, Pump Quilet Diffuser
P, Screw-Plote Port
G Lead Waights

H. Stwel Frome Bridle
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center (10-12 cm dianeter) where turbulent conditions prevailed. This
turbulent regfon was somewhat larger at higher flows, but never exceeded about
8%4of'the enc1osed area., During calibration we made 40-60 discrete velocity
measurements in the three-dimensiona] chamber volume at several rhecstat
settings. Actual calibrated mean velocfties were stightly lower than the
nominal rates but the tuo values never var1ed by more than 10%, when, for
instance, at 4 nan1na1 10 em s-1 setting, velocities ranged from about
7.1-11.9 cm s-X, with a coefficient of variation of about 15% around a mean
velocity of 9.2 cm ¢-1. Al field measurements were made using a nominal
velocity of 10 cm s-1. Since calibration work was done with the charmbers
jrverted rather than on the sediment surface, we expect that current
velocities inside the chambers during field measurements were somewhat slower
than measured velocities and the circu1ation4pattern‘somewhat more turbulent

due to the fr1ct1ona1 drag of the sediments.
/

During each field’surVey; simu1taneous measurenents were obtained using
3.4 chambers placed on the oottom within aﬁoot 10 m of one another. Chambers
were placed in the water, voided of gases,, slowly lovered to the bottom,-and
- gently pushed {by SCUBA divers) into the sediments to the heignt of the
flanges. After an equ111brat1on per1od (15 m1n), the pumps were set at the
nominal ve1o<1ty of 10 cm srl and turned on. Tenperature and DO in chambers
vere recorded at 10-m1n 1ntervaTs for a per1od of about” 1 3 h, during which
time changes in DO ranged from about 0 % 2 1 ppm and minimum concentrat1on
never fell be]ow 3.0 ‘ppm. Oxygen consumption in tr1p11cate opaque BGD bottles

served as a control to account for plankton respiration. Sediment oxygen

demand was calculated using the slope of a regress1on 11ne f1tted through
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oxygen concentration data points plotted against time. Adjustments vere mde

for the volume and area of the chambers and results expressed as g Cp m-2 d-1,

Nutrient fluxes across the sediment-water interface were also measured at
each station during each cruise. Concentr;tions of the following nutrient
spéties were meésured for water sémp]es from the chambers, taken throughoui
incubation periods (1-3h}: nitrate (NO3); nitfite-(ﬁcéj; ammonium/(ﬁﬂz);
dissolved incrganic phosphorus (DIP); dissolved organic phosphorus (DCP);
total phosphorus (TP); and dissolved organié nitrogen (CCN). Measurements of
particulate carbon, particulate nitrogen, chlorophyll & and seston were also
made for the water column at each station. MNutrient flux across the
sediment-water interface was estimated by following the concentration changes
within a chamber thrbuéhout a measurement using the mean rate -as caiculated

frem a fitted regression time. Nutrient concentration changes generally

appeared Tinear over sampling periods. Nutrient changes in triplicate dark

. /
BOD bottles incubated at ambient temperature were used as an estimate of water

column nutrient changes.

Water Column Metabolism

!

Estimates of water column photosynthesis and respiration (metabolism)
were made using the oxygen light and dark bottle method. Depending on the
tufbidfty 6onditfons encountered on the day of the measurement; triplicate
300-m1nlighi bot;ies filled with surface water (0.5-1 m depth) were suspended
at erths apbroiimating 90%, 60% and 102 of surface insolation. A single

grhup_of three, ‘300-ml dark'bott!es was suspended at the 10 percent level.
A "

Bottles were deployed at dawn and rgtrie@ed at dusk. Triplicate samples were




also taken to establish/the‘initial dissolved oxygen concentration at the
start of the incubatidh period. Gross primary production (P) (volumetric) was
calcu]atgd as the difference betweenfoxygéﬁ7cohcentrations in the light and
dark bottles after incubation. Total diel respiration (R) (volumetric} and @
night respiration (Rn) wére calculated as the difference between initial and

dark bottles. Apparent primary production (Pa) (volumetric) was then

calculated as thé'difference befween'ihe fnitial and Tight bottles. Areal ‘ L
estimates of.water'column photosynthesis and respiration were calculated by

plotting volumetric rates at the depths of indubation and graphically

jntegrating the area enclosed 5y the curve. - Volumetric rates for respiration L
were extended to the bottom at each station while volumetric rates for
phétosynthesislwére extended to the bottom or to the depth where surface

insolation was reduced to 1 percent, ' | ¢
| b |
The following relationships were used tc estimate P, Pp, R, Ry: -

p = LD " x daylight hrs; Py = L-1 x daylight hrs @
(hrs of Incubation) - ‘ (hrs of Incubation)

R = 1 -D x 24; Ry = - D X Hrs of darkness
{(hrs of Incubation) - {hrs of Incubation)

Extlnctlon coefficients were.est1mated us1ng a quantum meter (LI-COR
" 185A) utilizing a LI-1925 submer51b1e quantum sensor. The measured 1% light
jevel was used to delineate the depth of active photosynthe51s.

. . . !

Gas Transfer - : s

i

On severa] occas1ons est1mates of gas transfer across the air-water

1nterface were made using the floating dore method of Copeland and Duffer
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(19%4) as modified by Hall (1970). Measurements were taken in water &epths of
3 and 6 m having current velocities between C and 37 cm s-1, This method |
involves fi]lin@ a rigid floating dome (volume'= 17.7 &; areé = .20 m2) with.
nitrogen gas at atmospheric préssure and recording the increase in oxygen over
t ime witﬁ an oxygen probe placed inside the dome. The observed rate was
corrected for ambient temperature and pressure conditicns and expressed as a

coefficient in units of g 07 m'z hr-1 at 100% saturation deficit. -

N

Water Column Characterization

On a quarterly basis, coincfding'with sediment oxygen demand
measurements, water column water quality variables {Table 2) were estimated
us{ng two di fferent sampling strategies: longitudinal profiles, and

tidal profi'les. ‘ .

Longi tudinal profiles involved measugi%g dissolved and particulate
nutrient concentrations aiong the éntire Tength of the study area on a given.
day. Upon'afriving-on station, temperature-salinity measurements were
obtained at 1-3 m interva1s.‘ In there was evidence of stratification,
multiple samples, representative of the various unmixed layers were obtained.
If no stratification was evident, a singie water sample from mid-depth was
obtained. Samples were filtefeq, frozen and transported to the lab for
mMﬁu.J o |

Tidal profiTes inﬁo]vad measuring dissolved and particulate nutrient
concentratioﬁs'fn the water column over 2 tidal cyclé. A single §tation was

bccupiéd for a 13-hr pericd. At houriy jntervals temperature-salinity
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brofi]es were obtained at l-meter intervals. If stratification was evident,
multiple water samples were obtained. A lack of stratification resulted fn 2
mid;depth-sample only. Water samples were filtered, frozen and transported to
the lab for analysis. In addition, wind speed, direction, current velocity

and direction and secchi disc measurements were obtained.

Sediment Nutrients

“n

On a quarterly basis, dissolved and particu]ate’fractions of carbon,
hitrogeﬁ and phoéphorus were monitored at each benthic respiration station and
coincided with benthit flux sufveys done in July, October, February and May.
Interstitial water concentrations and particulate fractions were profiled
using a single d%&ér—operated 7.1-cm diameter x 50-cm plastic core at each

station.

Undi sturbed cores were transported‘to“éhg laboratory, placed in 2
nitrogen~-filled glove box, extruded by water pressure acting on a piston, and
sectioned at 2-cm intervals from G-10 cm and ét 5-cm intervals beyond the
10-cm 1eve1. Interstitial water wés extrgcted by centrifugation at 49C and
1000 gravities for 30‘min (Engler et al., 1977). ,Thé‘?esultihg water was then
filtered thrpugh a 1.2-ym filter and gliquot§'frozen untilranalysis;

Surfa;e samples of ﬁdkticuiafe céfbon éh&’nitrogeﬁ were obtained using a
diver-opefa;ed syringe corer (sampling area of 1.13 cm? inserted to a depth of
1 cm). Sub-samples were taken fof cérbon, nifrpgen and'phosphorust These
were frozen, dessicatgd and later énalyzgd.ﬂ,?ractjons for ch1drophyll'g_were

placed in a 90% acetone solution, extracted and analytically treated as a
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water column chlorophyll a sample.

_Sedﬁhentation and Resuspension

The rates of sedimentation and }esqspension weré estimated using
cylﬁndrical'PVC cups with an effective collecting area of 45.6 ¢cm and a
height-to-width ratio of 2.7. Cups were finn]y,attached to a taut moored buoy

~and left unattended for the sampling period. Blanks, attached at specific
intervals, consisted of cups left open at either end until retrieval of the

string. Figqre 3 details a typical sediment trap string.

i All of the traﬁs were sampled as follows: a SCUBArequipped_diver would
caréfu]]y descend the trap, capping each cup with a polyefhe]ene cap. Upon
reaching the bottom 2 tag line-was placed upon fhe anchor and the entire
string ;eleased. After recovery, each cup was removed; the string was‘c1eared
of fouling, clean cups placed on the line anL reattached to its anchor.

Recovered seaiment trap cups were then placed in chilled estuarine water and

transported to the lab for processing and analysis.

" In the labqratbry each cup was partially décanted_into a 2 2 beaker. The
Cup was then‘scrubbed vigorously on the inside, care being taken to prevent
any material from the 1jp'entéring the sample. Th%s portion was then a&ded to
tﬁe:beéker. A fina] rinse of the'cup and brush with distilled water . E

facilitated the re@oval of the last of the sediment. The total volume of the

sample was then determined. The sample was theﬁ suspended using a magnetic

stirrer. Aliquots were taken and filtered i%rough pre-weighed, pre-combusted

GF/C filter pads. Triplicate samples were taken from each cup for the
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detenpination of total sediment, barticu]ate‘carbon and particulate nitrogen.
A second "set of duplicate pads was also taken or the deterﬁination of total
phuﬁphorus. The data were converted to‘uﬁits of mass/m2/day. Bottom CUps
vere used to calculate resuspension rates while ﬁean values of several
near-surface cups were general ly used to Ea]culate net sedimentation. Surface
values were extrapolated'to tﬁe bottom assuming a linear increase in material

with increases in depth.

Cana] Studies

\On four occasions (Nov. 13, 198C; March 24, May £, and Jﬁne 6, 1981)
water quality samples'were taken at locations indicated in Fig. 4 to obtain
estimates of the magnitude of water qﬁa1ity changés dqe to passage through the
power plant and transit &;wn the discharge canal. Additional stations were
also sampled so that the mass of material e;iting the dfscharge canal could be
compared to ;hat.being transported'hy the river. To hake these estimates,
water column intégrated samﬁ]es were taken at stations shown in Fig. 4 and‘
analyzed for the normal spectrum of consfituent§ using analytical methods
described earlier. Raw data are given in Appendix 1. " Sampling was initiated
shdrtly aftef-the tide had started e=bbinrg duging each survéy. On most surveys
stations I1 and iZ'were sampled first and then a dye spot was introduced at

GCl and a water sémpie was taken at that station. The dye patch was then

- followed down the canal and vertically integrated water samples taken when the

patch reached stations DC2 and DC3. Finally, sampies were collected. at

I

stations Cl, C2, and C3. - R

Y
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Fig. &.
Ramnlina Locations
Canal Study

C = Channel
¢ = Piscrarge Canal

Benedict ;2
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NITRCGEN AND PHOSPHCRUS DYNAMICS

In thsi section we consider the spatial and temporal characteristics of
nitrogen and phosphorus compounds contained in the water column and sediments.
In addition, net fluxes of nutrients between sediments and overlying waters

are evaluated.

Mixing Diagrams

The broad pattern of intefaction between estuarine water quatity
concentrations and physical characteristics such as flushing can be inferred
fran geogfaphicel presentations of water column ccncentrations plotted against
associated salinities. With nutrient concentration on the vertical axis and
sa]inity on the horizontal axis, a straight-line relationship suggests that
there is no net 1oss or gain of the mater1a1 as it passes from the head to the
mouth of the estuany, assuming that the nutr1ent source is at the head of the

estuary. A concave line indicates that the estuary is serving as a nutrient

-sink, while a convex line indicates a net source of nutrients. . Ve have

developed seasonal plots for major nutrient species (NHE, N0§, Total K,

ortho-P04,eTotal P) and these are presented in Figures 5 and 6.

The seasonal patterns of ammonium concentration vs. salinity appeared

canplex, §howing both source (spring} and sink (summer and winter)

characteristics (Fig. 5). In addition, concentrations at low salinity
stat1ons decreased by about an order of magnitude between winter and spring
and rema1ned low through the remainder of the year. High ammonium

concentrations (32 ug-at 2-1) coincided with periods of peak river fiow,
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suggesting that the source of this ammonium was from non-point drainege from
the watef shed. The felatfvely sharp decline in ammon{um concentrations
during the winter may have resulted fram nif(ification processes rather than
uptake by phytoplankton because phytoplankton production was Tow aththat time
of year. Unfortunately, we have no direct measurenents of nitrification rates
in this zone of the river dur1ng winter months- to conflrm this speculation.
During the remainder of the year ammonium concentrations were lower ane varied
in a non-conservative fashion most possibly reflecting'substantia]'uptake by
phytoplarkton (s1nk) and recycling in both the water co]umn and sediments
(source). In all seasons of the year, there was a2 tendency for concentrations
to increase near the.confiuence of the estuary with Chesapeake Eay, probably

reflecting the inpuf of deeper, ammonium-rich water from the Bay to the

estuary. SR - P
During all seasons of the year (but most evident in the spring and
summer )} nitrate displayed s1nk character1st1cs, part1cu1ar1y in the Tow
salinity (0 5 ppt) zone of the estuary (Fig. 5). It is unfortunate that more
stations were not samp]ed in thlS zone of strong grad1ents for purposes of
more clearly defining poss1b1e mechan1sms. ‘In any case, at least two
mechan1sms may be 1nvolved 1nc1ud1ng phytoplankton ut11126t10n of nitrate and
den1tr1f1cat1on. Several llnes of ev1dence suggest that den1tr1f1cat10n was
the pr1many factor cau51ng this rapid decrease in concentration a]though
phytoplankton uptake may well be a contributing factor. Recent measurements
of denitrification by Jenk1ns (pers. comm. ) in the area of Benedict indicated
that rates are high, ‘at least in the spring. Furthennore, in-situ benthic |

A
nutrient flux measurements consistently show nitrate entering the sediments at
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high rates ( 100-5C0 pg-at m-2 hr-l) when nitrate is available in the
overlying water. During the wintern;pring, nitrate fluxes into sediments are
not accompanied by comparable ammonium fluxes from sediments. (indicative of
nitrate reduction) or accumulation of nitrate in interstitial waters {nitrate
storage). We have ﬁuggested elsewhere that denitrification may be a major

term in nitrogen dynamics in at least some zones of this estuary (Boynton et

al. 1980a).

Concentrations of totai nitrogen (NHq + NG2 + NO3 + DOK + PN) disp1aygd
stfong sink characteristics during the spring and summer; strong net changes i
were not so evident in the winter and fall (Fig. 5). In overyiew, it appeared
that total nitrogen'was consérvative]y q11uted during the winFer and fall and
that a major fraction of this nitrogen was in dissolved énd particulate
orQanic forms. However, in the spring ard summer, substantial nitrogen losses
occurred beyond that which ﬁou]d be accounted for by changes in nitrate and
ammonium. This decline appeared to be related to declines in both particulate
and dissolved organic forms. Results from sediment trap studies (see
following sections) support this observation in that sedimentation rates of

particulate nitrogen were generally higher in the warp seasons of the year.

. Dissolved inorganic phosphate exhibited depositional characteristics only -
in winter (Fig. 6). This is in sharp contrast to the data of Flemer et al.
(1970) which indicated strong depositional features in all seasons. Data
collected in 198C-81 exhibited a pattern similar t§ that which we observed
(Sage, perg. comm. }. - In the present study, phosphate concentrations were at

leasf 3‘£imes lower than those observed by Fleg¥rét al. (1970) and comparable

na
=




to those found in 1980-8l. The lower concentrations we obsgrved may have
resulted ffom the low runoff and river discharge conditions present -in
1679-80. 1In turn, deposition of di ssdiveq phosphate may be related to
adsorption processes in the estuary as suggested by Stirling and Viormald
(1977). Thus, when phosphate concentrations are high, deposition
characteristics emerge; when upsfream concentrations are low, only small

changes occur along estuarine gradients.

Patterns of total phosphorus concentratioﬁ were duite similar to those
observed for dissolved inorganic phoéphorus=in'the winter, spring and fall,
although upstream cdncentratioks were 2.5-6 times higher, indicating that
particulate and dissolved organic phosphorus forms dominated the pattern in
the water column (Fié. 6). However, in tﬁé summer there was a substantial
peak 1n total phosphorus in the 5-8 ppt salvnitv region which occurred
somewhat downstrean of the ‘summer inorganic phosphorus peak and which was
mainly composed of particulate and dissolved organic forms. Within the

context of concentration-saiinity piots, there were no maJor deviations in

concentration in the vicinity ofvthe power plant discharge canal.
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Ratios of Nitrogen to Phosphorus

From both scientific and management standpoints, an important issue is
whether nitrogen otlphosphorus is the nutrient. governing phytoplankton
photosynéhesis. A simple Epproach to this qomple§ problem involves
constructing ratios of nitrogen {usually the forms readily available to |
phytoblankton including NC3, MOz and NHX) to phosphorus (usually dissolved
inorganfc phosphorus}. Using the concept that most phytoplankton utilize N.
and P in ratio of about 16:1, examination of N:P ratios indicate which element
would become limiting first. Thus, ratios beibw 16:1 suggest a potential
nitrogen limitation while thbse abdve 16:1 sudgest a phosphcrus limitation.
ke have constructed time-space diagrams of M:P ratios for years in which data

were available (Fig. 7).

Examination of the data presented in Fig.’7 indicates that there is
considerable variability in K:P ratio djstr{butions betvieen different years.
For example, in 1979-80, the region of low M:P ratios was restricted to the
early fall period and extendeﬁ over.only a small section of the estuary. In
. strong contrast to this, low N:P raﬁios extended over broad regions of the
estuary from early sﬁring to ]Fte fall in 1969-70, while data from 1580-81
exhibited an intermediate pattern. The exact causes of year-to-year changes
are unclear but, in a qualitative fashion, the spatial ‘and temporal extent of
low N:P ratics appearg to be proportional to river flow. It is interesting to
note that nitrogen is considerably more mobile thah phosphorus'in being
transported via run-off to the river.. ke migﬁt expect, then, that in years of

high run-off (and high river flow), N:P ratios would be higher than in Tower
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di scharge years. In fact, the opposite appears to be the case. Since both
the absolute coﬁcentrations of N and P and the relative availability of each
are central to understanding phytopiankton dynamics and managing water quality

in this estuary, the above issue deserves further investigation.

In al1 years for which data were available, the region around the Chalk
Point power plant was in the zone of low N:P ratios. In 1979-8C and in
1980-81, zones of low N:P ratios extended from the power plant area downstream
156-20 km. However, in 1969-70, low N:P ratio zones extended both upstream and
downstream of the power plant area. In a later section we explore possible
roles of the power plant in modif&ing‘the relative abundance of nitrogen and

phosphorus in the water column.

Variability in Water Column Nutrient Concentrations

In attempting to examine and characterize nutrient processes in an

estuarine environment it is often necessary to deal with average or mean

conditions. For example, it is a cnm@on practice to conduct "slack-water”
surveys.of vater quality variables for use in modeling exercises. In this
study we conducted several longitudinal surveys of water quality conditions to
characterize zones and seasonal perﬂods.of regeneration, deposition, and
transport to assiﬁt in confirming more detailed studies of such processes in

only a few areas of the estuary. An obvious question concerns the accuracy of
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nutrient concentration measureméts madé'only_once at a given location in an
estuary such as'the Patﬁxent. To address this question, we conducted four
13-hr surveys at 3 locations in the Patuxeht ddring 1879-8C. Dafé from these
studies were reported in Boynton et al. {(198Cb). e have since reviewed
nutrient data relative to time-dependent concentration changes at these study

sites and results are summarized in Table 4.

Visual inspection of data did not reveal strong or consistent changes in
nutrient concentrations as a fuhction of tidal stage. Rather, changes in
concentration appearpd‘to be erratic with respect to both magnitude and
duration. To obtain an estimate of the variability of selected water quality
variables over tidal cycles, coefficients of variation {C.V.) were calculated
for each cruise (Tablg 4), In generai, C.Vl's were in the‘fange of 20-40%

with occasional values above and below this range.
S | f :
If additional analysis of this data set does not reveal strong tidal
canponents related to nutrient concentration changes, then we wou]d tend to
‘view nutrteni concentration distributions within tidal excursion distances as
norma]]y heterogeneous, perhaps refiecting strong variations in biological

rate processes (e.g. phytoplankton assimilation, benthic nutrient recycling)

controlling water quality variables.

f .
! * ¢
- .

1

While it appears that s:ng]e estimates of nutrient concentrations exhibit
considerable variability over short time periods (6 12 hrs)}, this does not
substantially restrict the use of such data%fqr some purposes. For examp]e,

“concentrations of many nutrients’' change by as much as:an order of magnitude

over distances of only several miles (Figs. 5 and 6). Changes in




Table 4. Variability in selected water quality variables as a function
- of time (over one tidal cycle) expressed in terms of co-
efficient of variation

LOCATION AND DATE -

Buena Vista Jones Pt. - Marsh Pt. Jonies Pt.
Variable , 8/2/79 11/12/79 4/11/80 6/28/80
Physical Factors -
Temperature -— 33.9 14.4 0 |
" Salinity _— 0 19.3 0 -
Seston 24.7 58.2 21.8 21.1 i
Chemical Factors ‘ |
Dissolved Oxygen  —- 28.7 8.0 7.4
Nitrate 126.7 8.0 17.3 11.9
Nitrite 26.9 10.3 15.0 16.1
Ammonium 27.0 - 16.1 19.2 31.1
 Phosphate 8.7 10.4 23.3 33.6
Biological Factorg .
POC. - 24.3 B -— 29.3 31.3
PON 46.4 - 32.4 36.4
POP . 22:5 27.2 85.0 27.2

Chlorophyll _— 17.7 : 82.1 —
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concentration over tidal periods is thus small compared to those observed cver
small spatial distances ar@ thus tidal variability does not appreciably change
conclusions reached by examination of salinity-nutrient concentraticn p]ots.
Finally, changes in nutrient concentrations over longer time periods
{days-weeks) is much greater fhan those observed over tidal periods and far

greater between seasons at some locations in the estuary (Appendix 2).

Particulate Nitrogen and Phosphorus in Sediments

Sediment cores were obtained at each primary sampling staticn on 3
occasions in 1979-80 to {1) determine the amount of particulate nitrogen (Pk)
and particulate phosphorus (PP) stored in the sediments and {2) to explore
possible relationships between PN and PP storage and observed nutrient fluxes.

Data are displayed in Fig. 8 and in Appendix 3.

Several interesting features are evident in this presentation. First,
the average amount of PN (expressed as g m-Z cm-l) steadily increased from
downriver to upriver stations {MP=9 gm-Z cm-l; BVY=1C g m~Z cm-1; PP=16 g
m~2em-1; dP=20 g m-2 cm-1). Concentrations of PP displayed an even stronger
trend toward higher concentrations at upriver stations (MP=2.5 g m-Zcm~1; BY=5
g m-2 cm-l; PP=6 g m~2 cm-1; JP=10 g m-2 cm~1). We should note here that
sediment bulk densities (g dry sediment cm'3) were estimated from other

locations in Chesapeake Bay.

Several possible mechanisms exist to explain this trend. Higher

particulate nutrient concentrations in sediments may result because material
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being deposited in the upper estuary was richer in these elements than in
downriver locations or beéause the remobilization of these compounds was less
camplete in the.upper estuary, perhaps due to rapid burial under conditions of
high sedimentation. khile our data base is sparse, there appeared to be &
general decrease ' in water column seston:PN and seston:PP ratics in an upriver
direction, suggesting that differential inputs may,:in part, be responsible

for differences in sediment stocks of PN and PP.

Secondly, there was a strong trend evident relative to the ratic of PN:PP
in sediments wherein this ratio declined in an upriver direction. Ratios of
PC:PN:PP indicated that the decline in the PN:PP ratio-was caused by
enrichment of PP rather than decreases in PN, [t is probable that enrichment
of PP in sediments resulted from adsorption of dissolved phosphorus compounds.
Such processes have been shown to occur in the low salinity zone (Stirling and
Wormald, 1977) of estuaries and thus this explaration is consistent with PP

distributions observed in this study.

One obvious guestion that emerges frcm considering the storages of PN and
PP in sediments concerns relationships between the amount of N and P entering
the estuary and the amount stored in sediments on an annual basis. Boynton et
al. {1982) have estimated that about 106 ¢ M m-2 y-1 and about 1 g P m-2 y-1
enter the Patuxent estuary. Using a net sedimentation rate of about 2 mm y-1
(see latter sections of this report) and mean PN and PP values of 10 g N m-2
em-1 and 2.5 g P m=2 cm-! for sediments in the lower estuary (Fig. 8) we
arrive at the conclusion that about 20% of the nitrogen and 5C% of the

phosphorus entering the estuary each year is buried. Thus, it appears that
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burial of nitrogen and especially phosphorus is an important sink for these
meterials. The lack of substantial decreases in PN and PP with depth in the
sediments further suggests that burial is indeed a relatively permanent sink

for these compounds (Fig. 8).

Interstitial Nutrient Concentrations and Implications

Concentrations of several nutrient species (NHZ and DiP) in interstitial
waters are depicted in Fig. 9 and presented in tapular form in Appendix 4.
Ammonium concentrations ranged from 8 to 3130 ug-at 2-1 and, with few
exceptions, increased steadily with depth in the sediments. Ammbnium
concentrations at the upriver station (Jones Pt.) were coﬁsistently higher,
often by an order of magnitude, than at the reraining stations. In general,
values reported here were lower than those observed in other areas of the

Chesapeake Bay (Mattisoff et al., 1975).

Concentrations of DIP ranged from 1.0 to 257 ug-at £-1 and generally
increased with depth in the sediment. Concentrations were lowest at the
upriver station (Jones Point) where concentrations of PP were highest. In alil
cases {i.e. stations and sampling times) dissolved forms of N an P were a very

sha]] fraction of the total N and P stored in the sediments.
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In recent years the flux of remineralized ammonium across the
sediment/water interface is a process which has been intensively studied as
indicated in the reviews of Zeitzschel (1979), Boynton et al. (198Ca), and
Nixon {1981). These authors have stressed the importance of this source of
recycled NHE for phytoplankton production. It has been generally assumed that
the mechanism for generating such NHE fluxes is the continual decompasition of
organic matter deposited over decades, which leads to establishment of
vertical concentration gradients {e.g. Berner 1976). CGradient-supported
diffusive flux then accounts for mass transport across this interface, which
can be calculated from solution of diagenic equations (Berner 198C). However,
a number of investigators have recently compared NHZ fluxes calculated in this
way from pore—watér profiles of concentration with direct measurements of flux
(obtained in-situ by change irn concentration under bell jérs or other benthic

chambers).

The results of these studies indicated spcradic and generally peoor
agreement between the two estimates. Ue present a summary of these results in
Fig. 10 which was extracted from Kemp et al. (1682}. Data for Cape Lookout
Bight are from Klump and Martens (1981), those for Narragansett Bay are from
McCaffrey et al. {1980) and Elderfield et al. {(1981), while the Chesapeake Bay
data are taken from Callender (1979) and Cal]ender‘and Kammond (1982) for the
Potomac and this report for the Patuxent. ODirectly measured values tended to
be greater than those calculated from concentration gradients, yith ratios of
the former to the latter ranging frcm about 1.5:1 to 15:1. Various authors
have suggested that actual transport of pore-waters ions across the

sediment/water interface can exceed that predicted from rolecular diffusion
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because of one or nore factors, including: stirring of sediments from
currents or bioturbation; irrigation of sediments by 5uspension-feed1ng{
invertebrates; or ebulation from methane bubbles (e.g. Klump and Martens,
1981; Callender and Hammond 1982). Fresumably, any or all of these mechanisms
may be operative at any given time or place in a particular estuary. The
extreme ratios in Potomac and Patuxert transitional reaches may be largely
attributable (as suggested by Callencer and Hamnond, 1982) to bioturbation.
Yet, there is by no means a one-to-core relation between this ratio and benthic
infaunal densities in the Patuxent (compare this report to Holland and Hiegel,

1981).

ke suggest another mechanism to explain this difference between
calculated and observed fluxes--namely, that disprobortionate]y high rates of
organic decomposition occur at the uppermost sediment surface (about 0.5-2 mm,
depending on deposition rates). These higher rates occur in the
unconsolidated layer because the recently depcsited organic material is far
more labile than the refractory substanses which remain at depth, and because
oxygen is continuously supplied from thé overlying water. Between this
surface layer and the RDL* more refractory material is decomposed aerobically,
while below the RCL the most refractory material degrades slowly under anoxic

conditions.

*

redox discontinuity layer
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+hile net uptake of NHE may occur in certain seascns ard places, vertical
profiles of particulate composition in the Patuxent indicate that, overall,
net regeneration is probably occurring in this floc layer. Ve present such
profiles in %C, N and P in suspended and deposited particulate material for a
water/sediment column in the spring at a lover Patuxent estuarine station
(Fig. 11) and in detail for the sediments (fppendix 5). Both carbon and
nitrogen exhibit continual decrease in 9 composition from 5 m above the
sediment surface to 35 cm below it. However, there is a sharp discontinuity
in % C and N across the sediment/water interface, suggesting rapid
decomposition and remineralization occurring in the flocculent layer.
Phosphorus, on the other hand, exhibits a local maximum % concentration at the
sediment surface, indicating perhaps sorpticn and/or precipitation occurring
in these oxidized upper sediments. Thus, we hypothesize that much of the
metabolic activity which yields NHZ regeneration across the sediment/water
boundary is, in fact, concentrated at that estuarine interface. While the
gradient-supported estimates of NHE flux may represent more the continued
deccmposition of organic matter accumulated over decades, direct measurements
obtained in-situ with benthic chambers prcbably include the additional NHE

recycling of recently deposited organics which rest in the upper, floc layer.




i -

46

@ . ey Q

CARBON NITROGEN HOSPHeo
(% Solids) {“+ Solids) P (% su;d-Rs;’s
0 pelf 2t b ez Qe o aol ase " ai
T t
£ WATER WATER
A2 2
g !
ol o
? - .l
< 0.
- E o o~
20 _ - 200- .. SEDIMENTS
& SEDIMENTS" SEDIMENTS o
3eor o [
1]
n

| t
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Sediment Nutrient Fluxes

Net fluxes of several important nutrient species (nHZ, NO3, DON, MOp,
DIP, DCP) between sediment and the water column were estimated at 4 locations
on six occasions in 1979-1980. Selected flux data are shown in Fig. 12 and

the complete data set is in Appendix 6.

As we observed in an earlier study {Boynton et &l., 198Ca), reascnably
c1éar seasonal and spatial patterns were also evi&ent in this data set., In
the case of ammonium, fluxes ranged from near zero to about 700 pg-at m-2 hr-1
and in almost all 6ases were directed out of the sediments (Fig. 12a).

Maximum and minimum %luxes occurred in the summer and winter, respectively.
In addition, the station downstream of the sediment trap {Marsh Point)
generally had lower ammonium flux rates, while those in the turbidity maximum
region had the highest. Time-weighted arnual fluxes of NHE were 15.4, 30.2,
38.2, and 31,2 g Nm-2 y-1 at Marsh Pocint, fuena Vista, Potts Point and Jones

Point, respectively.

Net fluxes of DIP ranged from -£C to 7€ pg-at P m-2 hr-1 (Fig. 12b).
Maximum and minimum rates occurred in the summer and winter, respectively,
reflecting the same pattern as observed for ammonium flux. Consistently, DIP
fluxes in the tidal-fresh region were the smallest observed during each survey
and were often directed into the sediments. The two stations near the lower
end of the turbidity maximum zone (Potts Point and Buena Vista) usually
exhibited the highest release rates. Ffnnual net fluxes (time-weighted) were
G.3, 0.5, 6.8 and -1.8 g P m=2 y'l at Marsh Point, Buena Vista, Potts Point

and Jones Point, respectively.
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Fig. 12. Summary (mean va]ues) of net sediment fluxes observed at 4 locations
in the Patuxent estuary, 1979-1980. Zeros represent no net flux;

ND signifies no data.

;

(A) Ammonium, (B) DIP, (C) HO3, (D) DON, (E) Summary
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‘witb tﬁe above observationﬁ, nitrita‘Was often: found entering the sediment at’
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+

- The vast majority of nitrate and nitrite flux rates were either close to :
zero or were directed into the sédiments (Fig. 12c). In an earlier study (in
the Potts Point and Bueha Vista area) data were analyzed using an annual
average input-output model and it was inferred that nitrate + nitrite fluxes
directed into the’sediment may well have Been entering & denitrification -
pathway (Boynton et al. 1980a). More recenfly,'ﬁeasurenmnts by Jenkins {1581)
using 15N techniques dirvectly measured denitrification as vell as
nitrifiéation rates. During the sprfng, both nitriﬁication and
denitrification were occurring‘ih-fhe sediments. Oue to some uncertainty with
the method, Jenkins did not report rates (in a strict sense) but rather
referred to fluxes as denitrification or nitrification potential. In any

case, activity was substantial in the spring and was consistent with earlier

‘findings. In the present study, nitrate f]uies were highest in those portions

of the estuary where NO§ was most abundant i% the water column. For example,
at the Buena Vista énd Potts Point gite, nitrate fluxes were close to zero
during the summer -and early fall when nitrite was not abundant in the water

colum, while fluxes were mainly directed into the sediment at these sites

during winter and early spring when pitrate was more abundant. Consistent

the Jones Point site where hitrqté concentrations were elevated throughout

most of the year; Annual nitrate fluxes were 0.6, 6.2, 9.2, and 14.5 g N m~2
yr-1 at Marsh Point, Buena Vista, Potts Point, and Jones Point, respectively.

Fluxes of'dissolvéd organic nitrogen were somewhat erratic, but often
large, and primarily dirécted into the sedinents {Fig. 12d). This 1is in
contrast to data collected in 1978-1979, which indicated DCN fluxes to be
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small and quite variable with regard to direction of the flux. 1In 1979-80,
positive fluxes were observed only in the fall and early winter. Kegative or

zero fluxes dominated the remainder of the year;

Fluxes of dissolved organic phosphorus were, without exception, below
detection level at all stations throughout the study period. This is

basically consistent with earlier findings (Boynton et al. 1980a).

To obtain a view of the absolute magnitude and direction of all nitrogen
fluxes between the sediment and the water column, several components of
sediment-nutrient fluxes were summed and compared (Table £). Fluxes were
divided into two components, where Ny represented ammonium + CON, while Nj
represented fluxes of NOp and NU3. This division was made primarily because
nitrate + nitrite fluxes were almost always directed into the sediment, while
ammonium and DON fluxes were primarily directed out of the sediments. The
objective here was to obtain an overall view of the mass transfer of nitrogen
between sediments and the water column {not including Ko or N0 associated
with denitrification). As indicated in Table 5, net fluxes of &issolved
nitrogen species were directed frcm the sediments to the water column; there
was a net release of dissolved nitrogen species from the sediments to the

water column.

However, several additiconal points should be mentioned. The first is
that nitrogen release from the sediments was most predominant during the warm
periods of the year. With one exception (September, 1979, at Buena Vista)
there were substantial releases of nitrogen %rom the sediments to the water

column at all statiens. In contrast, during the cooler seasons of the year,




Table 5.

July, 1979

. Oct., 1979

Dec., 1979
Feb., 1980

| may, 1981

Distance from River Mouth, Km

56

Comparison cf different components of sediment nutrient fluxes at 4
locations in the Patuxent River, 1979-1520.

N1 and Nz represent (MHg +
~ DON) and (MO + NC3) fluxes, respectively.

: . Sept,‘ 1979.

51

Jones Pt.

NN Nz

382/ /-145
744//-182
184/ /-53
61//255
-1770//-294
253//3.4

Al

}

39

Potts Pt.

iy |

N N2

409//8.2
402//71.0
109//-79
128//-150

- 10//-26.0
- 150//-128

- 2is/7/0.0

33

Buena Vista

M M

302//18.8

- =100/7-48

9g//-44
57//-235

R
39//-16

25
Farsh Pt. |

Ni WMo

272.6//42.5
606//3.2
263/ /-52
116//-27
53//0.0

-166//0.0
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there were occasions when nitrogen fluxes were predominantly directed into the
sediments, and, with one exception (February, 1980, Jones Point), the flux
into the sediment was dominated by nitrate. This pattern of nitrogen re1ease‘
and uptake by the sediments is interesting to the extent that there is
contained here an indication of estuarine homeostasis with regard to nutrient
concentration in the overlying water. During the warmer periods of the year
when nutrient fluxes from the sediment to the water column predominate, water
column nutrient concentrations are low and hence the sediments serve as a
source of nutrients to the water column. In contrast to this, during the
colder parts of the year, water colunn concentrations of nutrients (and in
particular nitrate) are very high {greater than 100 ug-at £) and we see that
there is substantial uptake of nutrients by the sediments, thus tending to
decrease watar column concentrations of nutrients. During the period of the
year when water column concentrations are low, sediments appear to serve as a
source which is important in maintaining plankton production, while during the

cold season (when water column concentrations are high) sediments serve as a

nutrient sink.

we have attempted to explore possible relationships between benthic
nufrient fluxes and sediment oxygen demand with water column concentrations of
various nutrient species, and such envirormental variables as salinity,
temperature, and several indices of water column production and respiration.
The results of correlation analyses by station are given in Table 6. Fluxes
of DIP did not reveal consistent re]ationships to any nutrient concentrations
in the water column, but correlation coefficients were reasonably high between

CIP flux and temperature at 3 stations (MP, BV, PP). If one flux measurement
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hShG Results of correlation analysis relating selected benthic flua rates to water quality variabies
in the overlying water column.

Stations are treated separstely as indicated.

An asterisk denotes a significent correlation (P<0.05).
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is deleted from the data base at Buena Vista, then significant temperature

relationships exist at the three down-river statijons.

Correlation analyses felating DON flux to a variety of independent
variables did not reveal any consistent significant correlations reflecting
the erratic nature of these fluxes. At present, dissolved organic nicrogen is
treated as if it were a defined form of nitrogen; in fact, it represents
unknown and probably camplex mixes of dissolved organic compounds. As
defined, we find no seasonal or consistent patterns in these fluxes, and hence
no significant correlations. Understandable patfg;ns might emerge if more
effort were expended in better defining the specific components which comprise
the dissolved organic nitrogen fraction. [t is worrisome that a nutrient

species about which we know so little cen at times be 2 substantial component

of the nutrient exchange across the sediment-water interface.

In a similar fashion, ammonium fluxes were not consistently and
significantly correlated with water column nutrient variables. However, there
was a reasonably good relationship to temperature suggesting that a major
portion of the ammonium flux was dependent on remineratization by bacteria and
other small heterotrophs which are known to have a strong metabolic dependency
on temperature. Nitrite fluxes, as indicated previously, were mostly small
and somewhal. variable, and because of this, no consistent significant
correlations emerged between water column variables and nitrite fluxes. In
contrast to nitrite, nitrate fluxes showed a strong relationship between
nitrate flux and nitrate concentration in the water column at stations where

the water column nitrate varied seasonally {MP and BV}. The strong




correlation of nitrate concentration with the negative flux of nitrate
suggests a nitrate consumptive process - 1n the sedxments which in some seasons
may be limited by d1ffu51on across the’ sed1ment—water interface. It
apparently is not closely linked to aerobic respiration. These relationships
suggést that nitrate fluxes into the sediment rebresent the first stage of
either denitrification (N0§ —> N0 and Ny) or nitrate respiration (Nog—a
-9'NH4).< Van Kessel (1977) has shown that denitrification rates are dependent
on NOg concentration in phe ovérlying'water. This coupTed with the fact that
we did not. observe large NHI{ fluxes out of the sediments when NO3 was entering
i seqﬁments strongly suggests that this NG& uptake from water to sediments was
associated with denitrificatioh. Due to a few erratic measuremenﬁs, vhich we
nonethe]ess‘had no reason to discard, significant relationships between
_nitrogen concentration in the water column and nitrafe flux did not emerge for

all stations. T f

- ' Somewh at surprisingly, we did not see consi§teht and significant
re]ét{dﬁghipﬁ_betﬁeeﬁ SOD and éuch independent variables as temperature and
water‘columh metabolism. ﬁt two étatiqns S0C and temperature were strongly
related, as we have previously reported for other portions of the‘eéiuary.
HoweverQ at the tﬁo most down-fivér stations, such a relationship did not
emeﬁgé‘ih theu1979 -1980 data. In addition, no'sTgnificaﬁt'relationships

eme rged relat1ng sediment oxygen demand with pr1mary production in the water
column. Nixon (1979) and Hargrave (1973) reported. that.strong relationships
ex1sFed between_orbanic matteflbroduciion in_thé water column and sediment

oxygen demand, at least on an annual basis, for a variety of ecosystems. In

fact, on an annual basis our data fit this relationship reasonably well.
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However, over shorter time pericds (days) it is apparent that sediment oxygen
demand is not dependent on the simultaneous rate of in-situ primary

production.

When we initially began exploring potential relationships between a
variety of independent variables and various sediment-water fluxes, we
conducted correlation analyses on the entire data base (al! stations were not
treated individually as in Table 6). Interestingly enough, there were very
few significant correlations which emerged from this aggregated data base
relative to those which emerged from the analysis presénted in Table 6. Based
on previous work at two stations, we had anticipated }hat we woeuld find
significant relationships between such factors as nutrient flux, temperature,
S0D, and primary production. The reduction in significant relationships found
in the aggregated data base and the few consistent trends found in the
station-by-station analysis suggests that there are, indeed, a variety of
mechanisms regulating nutrient flux and that different mechanisms may well be
operating contemporaneously in the same estuarine system. Results of
correlation analyses conducted on the entire data base are given in

Appendix 7.

We can make a preliminary assessment as to the relative importance of
benthic releases of nitrogen and phosphorus by comparing these fluxes to the
nutrient demands of phytoplankton production in the water column {Table 7).
Previously in the Patuxent (Buena Vista and_Potts Point), we have found that
benthic fluxes of ammonium and DIP can satisfy from 0 - 1903 and 52 - 33(% of

the estimated daily demand of these nutrients, respectively. The atomic
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TABLE -7. ESTIMATES OF THE PERCENT OF NITROGEN AND PHOSPHORUS DEMAND

OF PHYTQPLANKTON (Dp) WHICH ARE SATISFIED VIA AMMONIUM
RELEASES FROM ESTUARINE SEDIMENTS (Sn)

| Marsh Point Buena Vista Potts Point ' Jones Point
~ DATE "Dp Sn 4 Dp Sn % Dp Sn - % Dp Sn %

7/27/79 N 17.34 6.41 37 17.3 7.13 41 20.3 16.63 82 .21.0 15.29 73
P 1.09 0.38 35 1i0o8 0.80 57 1.27 1.76 139 1.31 -cee --

9/5/79 N 24.4 8.00 33 19.715.36 78 25.8 17.52 68 12.4 17.76 143
P 1.52 1.49 98 1.23 0.97 74 1.61 1.56 97 0.78 w--- --

10/31/79 N 7.3 1.34 18 4,21 2.35 5 7.10 5.06 71 1.9 0.89 45
P 0.46 0.15 32 0.26 0.28 108 0.44 0.12 27 0.12 aee  =m

12/12779 N 7.64 1.27 17 0.17 0.50 294 0.95 3.07 323 1.32 1.46 11
P 0.48 --= -= 0.01 -oc --- 0.06 0.17 283 0.08 -oc --

2/28/80 N 3.1 1.27 41 1.8 5.16 287 8.0 2.47 31 1. 0.24 22
P 0.19 c 0 oM 0 0 0.50 0.12 24 0.07 0.05 N

5/23/80 N 48.3 1.87 4 24,2 6.60 27 37.6 5.40 14 33.9 6.07 18

P 3.02 0 0 1.5t 0.29 19 2.35 0.39 17 2.13 U
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ratios of O:N:P observed in plankton were used to estimate nutrient uptake.

he have summarized similar calculations which involved the same assumptions
for data colleceted in 1979-80 for four stations in the Patuxent River
including Buena Vista and Potts Point. At the Buena Vista and Potts Point
station, the percent of phytoplankton nitrogen demand supplied via ammonium
fluxes from estuarine sediments ranged from about 19 - 323% of estimated daily
demand, while the percent of phosphorus was supplied by the sediments ranged
from 0 - 283% of estimated demand. During the most productive periods of the

year {May through October) benthic fluxes of ammonium and DIP consistently are

an important source of rutrient material, and at times a dominating source.

For comparative purposes we have summarized ammonium and phosphate fluxes
for a variety of estuarine ecosystems (Fig. 12). Perhaps one of the nost
outstanding aspects of this figure is that sediment fluxes from the Patuxent
are among the highest reperted. For instance, fluxes of ammonium and nitrate
were on the order of 326 and 50 pg-at m~2 hr-1l, respectively in 1978-1980.
Fluxes of ammonium and CIP in Narragansett Bay were estimated to be 120 and 20
ug-at m=2 hr-1, respectively, whereas in Buzzards Bay these fluxes were

somewhat lower.

The high flux rates we observed may well be related to seasonal organic
matter supplied to the benthos and physical dynamics of the sediment-water
interface. Inputs of organic matter appear to be primarily derived from
phytoplankton producton during most of the year, although upland runcff and
export fram adjacent marshlands during winter and early spring rmay constitute

a significant contribution.
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Analyses reported by Hargrave (1973 ) and Nixon (1979) indicate that
benchic respiration, and perhaps nutrient flux, was related to organic matter
delivery from the water column to the benthos. Our data fit their regressions
reasonably well. However, as we noted earlier, correlations between
concurrent measurements of sediment nutrient flux, benthic respiration and
productivity in the water column were not strong. \le conclude from this
observation that there may be time lags between phytoplankton productivity and
SOD and nutrient flux induced by short-term temporal yariations and the rate

of settling of organic matter to the bottom.

The second feature which contributes to high flux rates concerns the
dynanic behavior of the sediment surface. As we shall see later in this
report, results from sediment trep studies suggest very high rates of
sedimentation and resuspension occur, particularly at the lower boundary of
the turbidity maximum zone (Buena Vista and Potts Point). loreover, it
appears that sediments are extensively mixed via the burrowing activities of
benthic infauna (Holland and Hiegel, 1981). The combinatien of these
processes tends to enhance the exchange of dissolved materials between the

sediment and the water column.

Deposition and Resuspension of Particulate Nitrogen and Phosphorus

During 1379-80, studies were conducted to obtain estimates of the
deposition of inorganic particulates and particulate carbon, nitrogen and

phosphorus on the sediment surface. This effort was undertaken to quantify




66

these fluxes and thus clarify relationships between SCC and nutrient fluxes
which had previously been inferred only from correlation analysis (i.e.

Boynton et al., 1980).

This effort was intensive, a large amount of data was collected regarding
the deposition and resuspension of inorganic sediment, particulate carbon,
nitrogen and phosphorus; but interpretation of these data is difficult for a
number of reasons. One of the basic characteristics of many estuarine
ecosystems, the Patuxent included, is the shallow depth, Because of this,
surficial sediments are prone to resuspension, transport, and eventual
resettling. This, in itself, would not pose a problem relative to the
interpretation of sediment trap data except in areas vhere the resuspension
phenomenon extends through an appreciable portion of the water column. If
resuspension occurs throughout the water column, thern it is impossible to
partition deposition of new particulate material to the bottom from
deposition of recently resuspended material. This did not occur at all
stations at all times, but on occasion, it appears to have been a problem.
Thus, in analyzing the data base, some subjective judgments had to be made
concerning periods of time when we felt data indicated that resuspension was
occurring throughout the water column. In those situations, data were not

used in the calculation of net sedimentaticn.

A second problem involved the growth of fouling organisms on the

" collecting cups attached to the sediments traps strings. Me anticipated that

fouling would be a characteristic feature of this system, and hence there

would be a need to include a series of blank cups on each sediment trap




string. However, during the course of the study we found evidence of a
strong, vertical gradient in thg rate of fouling. Speﬁifically, féu]ing
appeared to be far more intense in the near surface watef% than in deeper
waters, and far more intensive during the summer than during the winter
periods. It would appear that in order to more accurately subtract the
fouling effect from deposition, many more blank cups would be neeced on each

sediment trap string.

A final problem which is inherent in the sediment trap me thodology
concerns the degree to which organic materials occurring in the collection
cups during the collection periods were metabolized. Vhile there does not
appear to be any way to rigorously analyze the amount of organic material
respired in the collection cup over the collecting period, we attempted to
minimize the effect of this error by deploying sediment cups for the minimum
amount of time necessary to obtain measureable amounts of material. This
problem does not apply to the use of sediment traps when used for
detenninatioﬁ of the vertical flux of inorganic particles, but certainly

pertains when the vertical flux of organic compounds is of interest.

The results are recorded in Table 8 and include the range of estimates
derived from 3 slightly different computation schemes. Unfortunately, the
range is large. Deposition rates of N and P ranged from 25.7 to 228.9 g N m-2
yr-1 and from 5.8 to 96.0 g P m-2 yr-1, respectively. Rates were consistently
lower in the deeper, downriver stations, possibly because of less interference
from resuspension and because of the longer water coluin, which would ailow
for utilization of'a larger fraction of the organic matter prior to its
reaching the bottom. CDeposition rates were generally highest in the Buena

Vista-Potts Point area of the estuary, consistent with the notion that
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TABLE 8. ANNUAL ESTIMATES OF DEPQSITION OF PARTICULATE NITROGEN,
PHOSPHORUS AND SEDIMENTS IN IHE PATUXENT RIVER ESTUARY,
DERIVED FROM SEDIMENT TRAPS.

l ‘ gm"Zer .
STATION Nitrogen Phosphorus " Sediments
St. Leonard Creek 45.8° 9.8 6,975
35.5 7.08 5,075
31.4 5.8 5,012
Marsh Point 61.6 16.4 8,124
40.4 11.8 7,798
25.7 8.3 5,583
Buena Vista 54.2 25.9 3,949
(channel) 39.7 19.8 10,096
11.7 53.6 23,548
Buena Vista 123.9 41 .6 32,547
(shoal) 128.2 40.7 ' 31,579
228.9 96.0 58,959
Potts Point £9.5 25.7 14,147
39.2 24.6 13,287
121.8 47.0 28,284
Jones Point 36.9 17.2 7,497
3.1 14.2 A 6,326
47.08 33.6 13,013

4sediment traps were deployed on 10 occasions between August 1979 and
July 1980. Deployment durations varied from 7 to 33 days depending on
season.

b

Triple entries represent results of 3 different calculations of deposi- -
tion. See Appendix 8 for details.
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deposition is greatest at the downstream edge of the turbitidy zone. These
rates may, for the reasons discussed earlier, be overestimates of net
sedimentation, and thus this must be considered, at least qualitatively, when

examining these values.

Net deposition rates of N and P were also determined using sedimentation
rate estimates derived from inspection of pollen grain scquences (Brush et al.
1981). The rates of N and P deposition presented in Table S are scmewhat
comparable to those obtained from sediment traps but are considerably Tower

for sediments for reasons which are presently unclear.

Annual estimates of resuspension rates of particulate nitrogen and
phosphorus are summarized in Table 10. Several interesting features are
apparent in this table, the foremost being that estimates of resuspension are
far larger than deposition rates, the difference being an order of magnitude
or more. Secondly, resuspension rates were relatively low in the lower
estuary where water depths were greater (10m), the effect of wave-induced
resuspension negligible in open waters and tidal height change per unit of
water depth was also minimal. Maximum rates occurred in the portion of the
estuary where the water was shallow and where tidal height change per unit

depth was greatest (Jones Pt.).

It should be noted that resuspension of P at Jones Point was very high
relative to other sections of estuary and relative to the amount of nitrogen
deposited at that site. Both of these observations are consistent with the M
and P content of bottom sediments in that zone of the estuary, indicating that

our measurements represent local resuspensicn phenomena.




|
|
Lower Estuary 1 - 3 mm 1.5 32.0 6.3 3,000
- (Marsh Pt. - (x = 2.0)
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‘TABEL 9. INDIRECT ESTIMATES OF NITROGEN, PHOSPHORUS AND SEDIMENT DEPQSITION
IN THE PATUXENT RIVER ESTUARY.

DEPOS ITION? .
Sediment?tion Sediment Nitrogen Phosphorus Sediments
LOCATION Rate, mm Bulk fensity a m-? yr-l

g/cm

 St. Leonards Cr.)

Upper Estuary 4 -7 mm 1.5 80.3 15.8 7,500
(Buena Vista - (x = 5.0)

 Potts Pt.)

]From Brush, et al (1981) based on analysis of pollen distributions in

' sediment coves.

2Ca]culated by multiplying sediments deposited per year by ratio of N: Sediments

and P: Sediments observed in top several cups of sediment traps.
 N:Sediment = 0.0107% 0.0092; P:Sediment = 0.0021% 0.0012.
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To evaluate possible mechanisms regulating the resuspension rate, we
calculated annual average values for two variabes which could have an
influence, those being tidal rise and wind velocity (creating wave-induced
turbulance). These are also shown in Table 10. Linear regression analysis
indicated very strong and interpretable relationships existed between
resuspension of N and P and our index of tidal energy. For these variables,
rZ values were 0.97 and 0.82 for N ard P, respectively. Rregressions of I and
P resuspension related to wind energy were also significant but slopes were
negative. We can't envision a mechanism whereby Jower wind (wave) action
would create higher rates of resugpension and hence we view this relationship
as spurious. Thus, from our preliminery analyses, it appears that tidal
energy is an important factor regulating resuspension rates through a broad

reach of the Patuxent estuary.

ORGANIC CARBCR DYRAMICS

Plankton Production and Respiration

Plankton production and respiration were measured at four locations in
the Patuxent River extuary on six different occasions between July, 1979 and
May, 1980. In Figure 14 we provide plots of volumetric production (Pa), each
measurement plotted at the incubation depth. The integrated values 6f daytime
net photosynthesis (P,) and respiration during hours of darkness (Ry) are
~indicated on the diagram, as is the depth to which 1% of the surface
insolation penetrated on the day of the measurement. Several things were

apparent in this diagram. The euphotic zone depth generally increased in &
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TABLE 10. ANNUAL ESTIMATES OF RESUSPENSION RATES OF PARTICULATE ‘MITROGEN
AND PHOSPHORUS IN THE PATUXENT RIVER ESTUARY DERIVED FROM
SEDIMENT TRAPS.2
Resuspension Rates Tidal Wind
(gm m=c yr=') Ener?y Energy
STATION Nitrogen Phosphorus (ftd=T ft-1) (Cm275-2)
St. Leonards Cr. 142 1 29.3 0.072 180
Marsh Point 278.7 75.3 0.092 180
Buena Vista
channel 1063.3 507.9 0.170 98
Buena Vista
shoal 404.9 217.5 0.255 98
(733.9) (412.7) (0.213) (98)
Potts Point 1021.6 517.0 0.235 88
945.6 304.4 0.743 31

aSedizment t
July 1980,
season. -

bCa]culated

cCa]culated
fetch.

raps were.deployed on 10 occasions between August 1979 and
Deployment durations varied from 7 to 33 days depending on

as mean tidal range per day per depth.

as wind velocity squared, including only winds with >1 Kn
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downstream direction, reflecting the transition from the mere turbid areas
which extend from Benedict (River mile 20) upriver, and the downstreamn
mesochaline areas which are clearer. Secondly, volumetric rates of primary
production show an inverse relationship to euphotic zone depth. On most‘
occasions maximum volumetric productivity was observed in surface water
incubations at the upriver stations. .Integrated rates of Py were, for the
most part, comparable between stations. Throughout the ctudy period, nutrient
concentrations in the water (NHE, NOé, PCq) were less at the downriver station
than at upriver locations, but the euphotic zone was ceeper at the downriver
station. Thus, it appears that light may be a factor limiting Py in the
turbidity maximum region. In the clearer portion of the estuary, nutrients
may exert a limiting effect on volumetric rates of production, but the greater
light availability compensates for nutrient limitation, and areal rates are
similar throughout the study area. We shculd also note that Pa values were
of'ten high at PP (discharge canal station); on 3 of the six cruises, values at
PP exceeded those at the downriver station. Tabular values of Pa and Rn are

given in Appendix 11.

Seasonal patterns of plankton production and respiration are shown
graphically in Figure 15. Daily average rates of P; were calculated to be
4.4, 2.7, 4.0, and 2.5 g0p m~2 d~1 for the Marsh Point, Buena Vista, Potts
Point, and Jones Point stations, respectively. Annual average night-time
respiration values were 1.10, 0.77, 0.79, and 0.96 gy m~2 n-1 at these same
stations. As is evident in Figure 15, the temporal pattern in primary

production is one in which values are generally high during the wam seasons

of the year and consistently low during the cool seasons of the year.
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Recently, Boynton et al. (1982) reviewed temporal patterns in estuarine
phytoplankton production in 63 estuarine systems and found that in most
systems high phytoplankton production occurred during warmer seasons of the

year.

Somewhat surprisingly, ratios of net production to respiration were
consistently equal to or much greater than ore throughout the entire study
period. In effect, this suggests that a good deal more organic matter was
produced in-situ via phytoplankton production thar was consumed by
heterotrophic processes in the water column. The excess organic matter was,
therefore, available for either deposition on the bottom or export to
downstream locations in the estuary. If we contrast P:R data collected in
this study with that of Cory (1974) we find a distinct contrast wherein at a
single station located at the Benedict Bridge (River mile 2G) Cory found P:R
ratios averaged 0.84 in 1964 and 0.60 in 156%, reflecting a larger respiration
in 1969 and perhaps a trend 1ndicét1ng substantial eutrophication. The
reasons for these large differences in P;R ratios between these two time
periods is not clear, but such differences, if they are real, obviously would
have substantial impact on the dissolved oxygen regime in the water column.
During the mid to late 1960's there were numerous reports that oxygen in the
deeper waters of the Patuxent had declined substantially {Mihurksy and Boynton
1973), an observation consistent with the Tow P:R ratios observed by Cory. 1In
1979-1980, we did not observe particularly low dissolved oxygen concentrations

in the water column at any of our stations. Data collected in 1980-81 by the

Benedict Estuarine Laboratory under contract to taryland Department of Natural

Resources (Water Resources Admin.) indicated only small areas of the estuary
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in which dissolved oxygen concentrations were below 2 ppm during the summer.

This observation is consistent with the high P:R ratios observed in cur study.

D'Elia and Farrell {1982) have analyzed vertical temperature, salinity,
and dissolved oxygen data in the Patuxent River estuary, ard suggested that
strong vertical gradients in dissolved oxygen developed under conditions where
there were strong vertical density gradients. Moreover, they indicated that
strong density gradients were induced via vertical differences in satinity
rather than temperature. In years of low river flow, stratification was weak
and reaeration of deep waters via diffusion from the atmosphere was well
developed due to frequent mixing of the water column. Uhile this in an
attractive mechanism, it appears that more data are needed prior to accepting

this a substantial factor governing oxygen concentrations.

To provide an index of variability concerning Py, we have graphically
displayed Py data for the 1978-79 and 1979-80 periods for two sites for which
such data were available (Fig. 16). Cne obvious characteristic of this
diagram is the considerable difference between 1978 and 1679 measurements at
the same station. For example, at the Potts Point site, P5 during May of 1978
was less than 2 g Op m~2 d-1, while at the same station in 1979, P, exceeded 8
g Cp m~2 d-1. Similar differences were also evident at the Buena Vista
station. Cory (1974) and others have suggested that daily changes in
insolation is the prime reason for such variability. In spite of the
day-to-day differences noted at identical stations, overall seasonal patterns
were very similar between years. Values of Py were generally high during the

warm periods, and consistently low during the cold seasons of the year. In
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addition, the time-weighted annual average rate of production was similar
between years at the same statjons. For example, at the Potts Point station
daily average productivity was 3.4 g 0p m2 d;1 in 1978 and 4.1 g Cp m~2 d-1
in 1979. At the Buena Vista station, 1978 and 1979 values were 2.7 and

2.9 g 0> m-2 d-1, respectively. Thus, vhile it appears that productivity
rates vary substantially from day to day due to changes in such controlling
factors as sunlight, overall seasonal patterns emerge in which productivity
was high during the warm periods and low during the cold periods, and (at
least in the two-year period represented in this data base) annual average

rates of productivity were reascnably similar.

In Figure 17, we have prepared a broad review of average daily "production
rates for a wide variety of estuarine ecosystems, including the Patuxent River
estuary. To our knowledge, this represents the most comprehensive review
currently available. Average seasonal rates in this diagram range from near
0 to 2.5 g Cm2 d-l. The mean of these rates was about 0.8 g C m-2 d-1
(292 g € m-2 yr-1), a value substantially higher than the 1CC g C m-2 yr-1
reported by Ryther (1963) for coastal areas, and quite similar to the 300 ¢ C
m-2 yr‘1 estimated for upwelling systems. Despite the large range in
freshwater input, physical morphology, insolation, and other factors, maximum
production rates always occurred during the warm periods of the year
(June-September), while minimum rates generally occurred during the winter.
This pattern has been interpreted to indicated that temperature-regulated
metabolism strongly influences nutrient recycling processes and plankton
growth rates which are, in turn, important factors in maintaining high

plyotosynthetic rates (Williams 1966; Flemer 197C; Eppley 1572; Nixon 1981).
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Recent calculations concerning the coupling of nutrieﬁts and production in

' Chesapeake Bay indicate that recycling is also dependent on a source of labile
organic matter which comes mainly from phytoplankton preduction, again
indicating the tight coupling of heterotrophic and autotrophic processes (Kemp

et al. 1982).

khile there are considerable differences in the physical structure of the
systems shown in Figure 17, the range in prodﬁction values observed within one
group overlaps those of other groups. Annual means for river-dominated
estuaries, embayments, lagoons, and fjords werel0.6, c.4, 0.5, and 0.6
g C m-2 d-1, respectively. In shcrt, estuaries with different physical
characteristics commonly have comparable rates of primary production,
suggesting that there are systeﬁ—specific biotic and physical mechanisms
operative in different estuaries. Values of Py in the lower Patuxent estuary
were among the highest observed. In fact, higher values were observed only in
the Pamlico River, Altamaha Sound, Saint Lawrence, mid-Chesapeake and Indian
Arm estuaries. Average daily prcduction estimated from Stross and Stottlemyer
(1965) indicated that average daily rates were about 1.15 g C m=2 ¢-1. If we
canbine data from two stations at the lower end of the turbidity maximum for
the two years for which data are available, we obtain a time-weighted average
daily value of P, of about 1.01 ¢ C m~Z d-1, & value very similar to that

recorded some years ago.
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Sediment Oxycen Demand

Seasonal patterns (X¢S.D.) of $OL are shown in Figure 18 for four
stations, and tabular values are given in Eppendix S. Paralleling patterns
observed for Py, SOD rates were highest during the warm periods, and lower
during the cold periods of the year. Considering all stations and sampling
times, values of SOD ranged fram 4.8 (Potts Point, September 1579} to
approximately 0.0 g 0z m~2 d-1 (Marsh Point, February 1980). Average daily
rates were 0.88, 2.05, 2.35, and 1.31 g G» m~2 d-! at the Jones Point, Potts

Point, Buena Vista, and Marsh Point stations, respectively.

In earlier work conducted at the Potts Point and Buena Vista stations,
linear regression analysis indicated a gocd correlation between total sediment
oxygen demand and water temperature (r = C.68) and a positive intercept
(0.56 g G2 m-2 d-1), which was representative of the lowest uptake rate
observed during the winter period. A reasonably good correlation was also
observed between SOD and primary production (r2 = 0.52). In contrast to this,
we found in the present study that SOL data combined for all stations resulted
in poor correlations between SOD and a broad variety of environmental
parameters (Appendix 7). In this analysis, correlation coefficients ranged
from 0.03 to 0.50, and while several were statistically significant, none were
reasonable predictors of sediment oxygen demand. Cne reason that this
analysis yielded poor predictors of SOD was that there were substantial
differences in the mean rate of SOU at the different stations. Lhen the data
from the four stations were treated separately, temperature appeared to be a

significant predictor of SOU at several stations. In contrast to this,

Pas
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which was reasonably correlated with SOD in previous work, was significantly
related to SOD only at the Potts Point station. SCE was poorly correlated
with nutrient concentrations in the water column, salinity, seston, and most

sediment nutrient fluxes.

i
In contrast to the apparent day-to-day variability in rates of P,, SOD
was quite constant between closely positioned stations (Potts Peint and Buena
Vista) and between years at these stations (Figure 16). For example, at the |
Potts Point site, average daily values of SOD were 2.15 and 2.1G g Cr m-2 ¢-1
in 1978 and 1979, respectively. Similarly, at the Buena Vista station, 1978
and 1979 values were 2.10 and 2.27 ¢ 02 m-2 d-1, respectively. The stability
in these rates may in part be due to the active cycle of organic matter
deposition and resuspension which apparently reaches a maximum in this zone of
the estuary. With high daily rates of resuspension and deposition,
héterotrophic erganisms in the sediments may be exposed to a more constant
supply of organic matter than if they were strictly dependent on obtaining
some fraction of the daf]y water column production which is known to vary

considerably over daily time intervals.

As indicated in Figure 18, a pattern in SCD along the longitudinal axis
of the estuary emerged, wherein the highest rates occurred in the turbidity
maximum portion of the estuary with lower values generally observed both
upstream and downstream of this section of the estuary. The high flux rates
observed in the middle section of the estuary rnay well be related to botﬁ the

seasonal supply of organic matter to the benthos ard to the phsical dynamics

of the sediment/water interface. With regard to the latter, results of




sediment trap studies suggest very high rates of sedimentation and
resuspension processes which are known to enhance SCL. Cavies (1975) and
Boynton et al. (1981) have shown that increased water velocities and
resuspension of surficial sediments enhances sediment oxygen demand through
such mechanisis as enhancing the availability of organic matter to
heterotrophs, more quickly removing waste products, and exposing reduced

campounds to oxygenated water.

In Figure 19, we provided a compariscn of sediment oxygen demand in
several zones of the Patuxent River estuary with rates observed in a variety
of other estuarine and coastal ecosystems. Clearly, average daily SCD in
three areas of the Patuxent River estuary are substantial relative to those
observed in a variety of other ecosystems. Moreover, the mean rate observed

in the turbidity maximum zone is amonrg the highest yet recorded in a variety
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of ecosystems. The particularly high value observed in the turbidity maximum

may result from the combination of factors previousiy discussed.

Rates of sediment oxygen demand were analyzed with respect to statistical

relationships to such variables as deposition of organic matter, the amount of

organic carbon content of sediments ard the P:R ratio of plankton metabolism
in the water column. All of the above are indices of the organic matter
available to the sediments. Linear regressions analyses of the data in
Table 11 revealed a strong relationship between annual carbon depesition and
summer rates of sediment oxygen demand (rZ = 0.87; P>0.05), but regressions

were non-significant for the remaining variables. Our interpretation of thi

S
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A comparison of SOD (annual mear rates and range) in a
variety of estuarine and coastal ecosystems.
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TABLE 11. ANNUAL MEAN RATES QOF SEDIMENT OXYGEN DEMAND IN RELATION TO
SEDIMENT DEPOSITION RATE AND % ORGANIC CARBON IN SEDIMENTS.

Carbon# Sediment _
SOD* Deposition Organic-C Plankton

STATION (g0,m72a™") " (kg méy7T) (%) PR+

I I'i 111
St. Leonards Cr. --- 0.28 0.29 0.38 -—-- ---
Marsh Point 1.5 0.26 0.40 0.48 3.0 7.3
Buena Visfa 3.3 1.08 0.45 0.36 3.5 5.9

(1.51) {0.71)(0.71)**

Potts Point 2.6  1.32 0.42 0.54 4.2 14.4
Jones Point 1.6 0.47 0.28 0.33 4.0 3.8

*Mean summer rates.

**Mean of deep and shallow stations for sediment trap arrays.
+May values only

++May - October values.

#Net sedimentation of carbon calculated from sediment trap data using
three different sets of assumptions.

I. The cup containing the minimum amount of sediment on each
deployment was used to calculate net deposition; the % carbon
associated with that. cup was used to extimate net carbon
deposition.

II. As in {I) but extreme values were omitted.
III. An average value was generated from 2-3 near-surface collection

cups and used to calculate net sedimentation. Extreme values
were not used.
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analysis is that SOC is most proportional to the gnount of organic matter
reaching the sediment surface,. a result consistent with tpe analyses reported
by Hargrave (1973) and Nixon (1979}, both of whom included a number of

different estuarine systems in their studies.

It .may be that the percent of organic matter in sediments represents more
the residual amount of organic matter remaining after labile material was
consumed in heterotrophic processes. This is particularly true in the ditz we
used because the sediment organic matter content was calculated from a bulk
sample which was composed of material in the top 10-20 cm of the sediment. It
may be that a significant regression might have emerged if it had been
possible to sample only the top 1 cm or less, and hence capture within the
sample labile organic matter that had very recently been deposited on the
sediment surface and not yet metabolized. The P:R ratios reported in Table 11
were calculated based upon single-day measurements, and may represent too
short a time-span to be representative of the gerneral picture of organic
matter residuals remaining in the water column. An alternative explanation
for the lack of a relationship here is that such water column characteristics
as P:R may not reflect the amount of material available for deposition at the
ptace in the estuary where it was measured. For example, it is possible that
praoduction generated at one point is deposited a considerable distance ejther
upstream, or more probably downstream. In any case, consistent with previous
research findings, we find a strong relationship between sediment oxygen

demand and the rate of deposition of organic matter to the bottom measured

directly framn sediment trap deployments, °
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Dissolved Oxygen Characterization

We have deveIOpeq surface and bottom time-space plots of dissolved oxygen
(DC) concentration in the Patuxent River estuary, as well as diel plots of
temperature, salinity, surface and bottom dissolved oxygen concentration,
percent saturation, mean DO and tidal height for several locations within the
estuary (data from Benedict Estuarine Laboratory). Cur purpose here was to
utilize this large water quality data base to characterize oxygen
concentrations throughout the estuary towards developing oxygen budgets for
this estuarine system. In addition, we report here new data concerning oxygen

fluxes across the air-water interface.

Surface and bottom dissolved oxygen concentrations plotted in the
time-space damain are given in Figure 20. Oxygen concentrations were high in
the winter and low in the summer in both surface and bottom waters reflecting
in part the dependence of oxygen solubility on temperature. Oxygen

concentrations ranged from about 5 - 13 mg-lg in surface waters and from about

1-11 mg-1/2 in bottom waters. The time and space plots indicate considerable
variability in dissolved oxygen concentration over time spans of one to
several weeks and longitudinal distances are from 10 to 20 km. This
observation is of particular importance in developing oxygen budgets for the
estuary because tidal excursion distances approach the inter-oxygen patch
distance and, hence, stationary monitoring of oxygen within the estuary could

well be seriously confounded.

Periods of low dissolved oxygen occurred primarily during July ard August

in this data set and extended from 10-80 Km above the mouth of the estuary.
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The epicenters of lTow dissolved oxygen concentration were more restricted

during both summers and were located between 13-4C Km from the mouth of the
estuary. In comparison to earlier records of dissolved oxygen concentraticn,
the values reported in this data base were scmewhat higher. Mihursky and
Boynton (1678) suggested that considerable year-to-year changes occur in many
water quality parameters, dissolved oxygen among them. It may be that-the
dissolved oxygen picture captured in the 1980-81 water quality survey
represents a "good water quality year" as opposed to a bad year, but since
monitoring programs do not run continually ir this estuary, it is virtually

impossible to address such important trend-related questions.

In Figure 21, we have plotted diel patterns of temperature, salinity,
dissolved oxygen, percent saturation and tidal height for three locations in
the Patuxent River estuary (Sheridan Point, Potts Point and Mottingham) on
July 24-25, 1980. In terms of DO, the general pattern appears to be fairly
strong, and involves an increase in dissolved oxygen concentration during the
daytime and a decline during the night time, reflecting the predominance of
photosynthetic and respiratory processes during the diel period. In general,
during the daylight, oxygen concentrations exceeded 100% saturation at
prevailing temperatures and salinities, while at night waters were

undersaturated with respect to oxygen

However, the short-term dynamics were clearly more complex as indicated
by brief periods in which oxygen concentration increased at night in both
surface and bottom waters, a process which obviously is not related to

photosynthetic activity. In fact, such excursions in oxygen are probably the
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result of water with a different oxygen history advecting into the zone where
oxygen measurements are being made. Hence, it does not appear to be possible
to use the single station method of measuring community metabolism following

the technigue of Odum and Heskin {1957).

In Figure 22, measurements of oxygen flux across the air/water interface
are plotted against current speeds at the time of measurement. Tabular data
are given in Appendix 10. Gas transfer coefficient values rarged from about 1
- 3.59 C2 m-2 d-1 atrnos,pher'e'1 over a current velocity range of from 10 - 40
cm/sec, and in water of 1-6 m. As plotted here, there appears to be a weak
relationship between the magnitude of the gas transfer coefficient and water
velocity, but clearly additional analysis, probably utilizing other

independent variables, will be necessary before stronger relationships emerge.

We suggest that it would be possible to construct dissoived oxygen
budgets for distinct portions of the estuary using data such as presented
here. For example, the diel change in the total amount of oxyger in the vater
column is nicely described by the data preseﬁted in Figure 21. Oxygen demand
by the sediments and oxygen demand in the water column could be estimated
using independent measurements of plankton respiration and benthic
respiration, respectively. Based on the percent saturation of the water
column and oxygen gas transfer coefficients, the magnitude of the oxygen flux
across the air/water interface might also be approximated. Finally, oxygen
production in the water column could be estimated from bottle measurements of
plankton metabolism, such as those provided in Figure 14. In addition,

vertical transfer of oxygen could be calculated based on observed oxygen
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gradients, and vertical diffusivity coefficients cculd be selected on the
basis of the strength of vertical stratification. Tihe ltast term necessary in
constructing an oxygen budget would be estimating the horizontal, advective
component, .and in this case could be solved by difference. This approach is
similar to that used by Kemp and Boynton (1980) who developed oxygen budgets
for two locations in the open Chesapeake Bay. Such an approach allows one to
distinguish between physical and biological influences on tihe oxygen budget,
and hence has utility concerning the management of oxygen in an estuary
_vis-a-vis providing a quantitative basis from which one can decide which term
in the oxygen budget would produce significant effects concerning oxygen

concentration and be amenable to available management techniques.

SESTCN CHARACTERISTICS

Seston and Chlorophyll a

Seston in the Patuxent River estuary was only sparsely characterized in
our study due to the fact that longitudinal seston distributions were measured
on only four occasions. To more fully characterize seston distributions, we
utilized the water quality data generated by the Benedict Estuarine Laboratory
for the Maryland Water Resources Administration. Surface seston
concentrations are displayed in the time/space fermat in Figure 23. "Curing
the 1980-19&1 period, seston concentrations were reasonably tow, (<4C mg-lg)

in the lower 24 miles of the estuary.
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In both years, there was‘a clearly defired turbidity maximum zore in the
.upper estuary. In the latter half of 1980, this zone was located between
river km 40-75, where concentrations exceeded 60 mg-lg. Ih 19€1, the
downstream edge of the turbidity maximum was at km 4C, but extended
considerably farther upstream (km 80), was more intensely developed
{concentrations > 80 mg-lg), and a double maximum developed at river km 5C and
75. Unfortunately, only one winter period is included in this data base, and
it appears that in the winter, the turbidity maximum is best developed.
Hence, camparisons between 1980 and 1981 are nct possible. The
characteristics described here are similar to those reported by keefe et al.
(1576) who found the turbidity maximum to exterd over similar portions of the
river, and also reported finding two turbidity maxima at times. The Chalk

Point site was near the lower end of the turbidity maximum in both years.

A second component of the seston, chiorophyli a, is plotted in time-space
format in Figure 23, In general, chlorophyll concentrations were high in
summer and low in winfer, a pattern which has been observed repeatedly in the
Patuxent as well as many other coastal and estuarine systems (Boynton et al.
1682). Highest chlorophyll concentrations were generally cbserved above river
km 50, but in several occasions in both 1980 and 1981, there viere indications
of reasonably intense phytoplankton blooms at downriver ltocations. It is
interesting to note that seston and chlorophyll concentrations do not overlap
particularly well in the time-space format. Seston concentrations were
general ly near maxima in the winter, while chloroghyll concentrations are much
higher in the summer. \lie riight expect, baséﬁ on seasonally changing

characteristics of seston, that there would be differential effects on light




